The thermodynamics of binding between several homoallylic alcohols and simple olefinic Rh(I) compounds was examined with 1 H NMR spectroscopy and ITC. 1 
INTRODUCTION
Rh(I) complexes are used in a variety of different organometallic catalytic processes. 1,2 Several of these involve hydrogenative coupling reactions that use or generate homoallylic alcohols as reactants 3 or products, 4,5 respectively. Because many of these transformations have been reported with concomitant asymmetric induction, Rh(I) chemistry has been pursued for asymmetric synthesis. 6 Inorganic coordination complexes, potentially those from Rh(I), could also be used to create optical signaling techniques for the high-throughput screening (HTS) of enantiometric excess (ee) values. 7, 8 HTS methods 9 are becoming essential due to the rapid increase in the discovery of new asymmetric reactions using chiral catalysts created via parallel synthesis. 10 One logical approach to designing chiral inorganic complexes for enantioselective discrimination is to explore the actual chiral catalysts themselves. 11 We therefore decided to focus on chiral Rh(I) complexes for discriminating the enantiomers of homoallylic alcohols, but noticed a general lack of published thermodynamic data for the binding between Rh(I) with homoallylic alcohols, 3-5 even though calorimetry studies have been used by Hoff, 12 Marks, 13 Nolan, 14 and others 15 to determine the thermodynamic parameters for ligand coordination to other metals. The present work reports a series of studies aimed at uncovering the affinities between four Rh(I) species and several homoallylic (or analogous) alcohols, and determining their associated enthalpies and entropies of binding.
RESULTS AND DISCUSSION
The four Rh(I) complexes (1-4) studied were purchased from Aldrich and used without further purification. The binding studies of various alkenols (5-10) were first performed with [Rh(COD) 2 ]OTf (1) using 1 H NMR titrations in CDCl 3 (Scheme 1). Fast exchange between bound and free homoallylic alcohols was seen on the NMR timescale (Figure 1 ). Upon addition of [Rh(COD) 2 ]OTf into 4-penten-2-ol (5), H b and H c hydrogens were substantially shifted upfield (Δδ= −0.41 and −1.26 ppm, respectively) while H a and H d were shifted downfield (Δδ = 0.10 and 0.55 ppm, respectively). Alkene hydrogens of free COD, [Rh(COD) 2 ] + , and [Rh(COD)] + appear at 5.57, 5.36, and 4.36 ppm, respectively ( Figure 1a ). Although two diastereomers can exist for the reaction of [Rh(COD) 2 ]OTf (1) and racemic 5, no appearance of two separate sets of signals are observed. This means either that one diastereomer predominates, or that they are exchanging faster than the NMR time scale. Similar trends of chemical shift changes were observed for other homoallylic alcohols (6-8), but to a lower extent. Binding constants were calculated from NMR titration curves using EQNMR, 16 and are listed in Table 1 . The equilibrium constants were all of similar magnitude, ~500 M −1 .
Addition of allylic alcohol 9 to [Rh(COD) 2 ]OTf (1), however, did not show any chemical shift changes (no binding). For 4-penten-1-ol (10), having an extended carbon chain, only slight chemical shift changes were observed, indicative of very weak binding (Figure 1b) . Thus, the Rh(I) complex 1 is a selective receptor for homoallylic alcohols. The proposed binding modes of homoallylic alcohols with 1-4 are described in Scheme 1, where two coordination sites of rhodium occupied by COD, NBD, or 2CH 3 CN are replaced by the homoallylic alcohol. 3a Addition of [Rh(R,R-DMPE)(COD)]BF 4 (4) to homoallylic alcohols showed no chemical shift changes indicating that the COD in this complex cannot be replaced by any of the alkenols. This is consistent with a sterically-induced displacement of the first COD ligand from 1, and a higher affinity of Rh(I) for phosphines in 4, and a high affinity of Rh(I) for a single COD ligand in 1, 3 and 4. Furthermore, the phosphines in 4 increase the binding affinity of COD relative to complexes 1 and 3. (Figure 1c ). Generally, 2 had lower alkenol affinities (Table 1) than 1 indicating that NBD is harder to replace than COD. We postulate that the considerably larger size and inherent flexibility of COD relative to that of NDB led to the increase in alkenol affinity for 1. (1) and [Rh(COD)(CH 3 CN) 2 ]BF 4 (3) were added. We attributed this to the different counter anions, OTf -and BF 4 -for 1 and 3, respectively, and the expected tight ion-pairing in chlorofom. In fact, the chemical shift changes of 5 with [Rh(COD) 2 ]BF 4 were very similar to those with [Rh(COD)(CH 3 CN) 2 ]BF 4 (3), although the peaks were broader (see Supporting Information). However, the binding constants of 3 for homoallylic alcohols were comparable or slightly larger than with 1. We also examined the equilibrium constant (K eq ) in CDCl 3 for the binding of COD to [Rh(COD)(CH 3 CN) 2 ]BF 4 (3) by integrating the ratio of free and bound COD upon addition of 3 to COD, revealing a value of 0.20 ( Figure 2 ).
Binding studies with [Rh(COD)(CH
Job plot analyses 17 of 5 with 1 and 3 were used to determine the stoichiometry of the respective complexes. A total concentration of Rh(I) compound and 5 was maintained at 5 mM and the chemical shifts were recorded as a function of concentration ratios between zero and one. The plots showed a maximum value at 0.5 mole ratio, indicating a 1:1 stoichiometry (Figure 3) .
Because the NMR studies revealed homoallylic alcohol binding to the Rh(I) compounds in chloroform, we moved to determining the driving force for complexation. Isothermal titration calorimetry (ITC) 18 was used to quantify the standard Gibbs-Helmholtz thermodynamic parameters (ΔH°, ΔS°, and ΔG°).
The addition of 5µL aliquots of a solution of [Rh(COD) 2 ]OTf (1) (10 mM) to a solution of 5 (1 mM) resulted in endothermic peaks in the ITC plots ( Figure 4a ). However, a reference experiment performed in the absence of 5 also showed endothermic heat changes ( Figure  4d ). Identical studies were performed with [Rh(NBD) 2 ]OTf (2) and [Rh(COD) (CH 3 CN) 2 ]BF 4 (3), yielding similar results (Figure 4 ). Nonlinear curve fitting was performed on the net heat changes (after substracting the reference data), revealing exothermic reactions with 1 and 2, and endothermic reactions with 3 ( Figure 5 ).
The curve fit of [Rh(COD) 2 ]OTf using the ITC Origin software using a one binding site model converged on a 1:1 Rh compound:alkenol stoichiometry, and gave binding constants of 8.4 × 10 2 , 7.8 × 10 2 , 4.9 × 10 2 , and 7.6 × 10 2 for 5-8, respectively. Although these values are larger than those found via 1 H NMR, they are in reasonable agreement, given that they were determined by two completely different methods. Figure  6 ). This favorable entropy change likely results from the release of two molecules of acetonitrile when only one molecule of 5 is bound. Similar thermodynamic parameters were seen with the other homoallylic alcohols 6-8 (Table 1 and Figure 5a ).
The binding studies of alkenols to [Rh(NBD) 2 ]OTf (2) revealed lower binding affinities with less favorable enthalpy, but more favorable entropy changes compared to 1 (Table 1 and Figure 5b ). Hence, both enthalpic and entropic driving forces exist for binding to this complex. One might expect that the release of the more conformationally flexible COD ligand from 1 would be more entropically favored than release of NBD from 2, but we find the opposite. A possible explanation is that ΔS° for the reaction with 1 is balanced by another effect. The two bulky COD ligands in 1 are buttressed up against each other, as seen in the crystal structure of 1, and have very close H⋯H contacts ranging from 1.76 to 1.91 Å (average = 1.84 Å). These are considerably shorter than the 2.18 Å van der Waals diameter 19 of hydrogen (Figure 7a and b) . 20 These short intraligand H⋯H contacts lengthen (weaken) the ethylenic Rh-C bonds in [Rh(COD) 2 ]OTf (1) (ranging from 2.20 to 2.27 Å; average = 2.24 Å) relative to the corresponding ethylenic Rh-C bonds in [Rh(COD) (CH 3 CN) 2 ]BF 4 (3) (ranging from 2.04 to 2.21 Å; average = 2.14 Å) which is not stericallycrowded (Figure 7e and f). The average ethylenic Rh-C bond for 1 is 0.10 Å longer than that for 3. The weaker Rh-C bonds produced by these unfavorably close contacts in 1 can lead to increased ligand motion. This could result in a smaller entropy increase than expected for releasing the COD and binding the alkenol. Dissociation of a COD ligand from 1 would allow the remaining COD to bind more strongly to the Rh, enhancing ΔH° for the reaction and giving a small overall ΔS° (Table 1) . [Rh(COD)(CH 3 CN) 2 ]BF 4 (3), with a strongly bound COD, revealed a similar ΔG° to 1 upon alkenol binding with slightly unfavorable enthalpic changes that are compensated by more favorable entropic gain.
The more compact nature of NBD compared to COD eliminates the severely short interligand H⋯H in 2 (Figure 7c and d) . The ethylenic H⋯H contacts in [Rh(NBD) 2 ]SbF 6 range from 2.54 to 2.57 Å compared to the 1.76 to 1.91 Å in 1. 21 The Rh-C distances in [Rh(NBD) 2 ] + range from 2.20 to 2.21 Å (average = 2.205 Å). Since the NBD ligands in 2 are more strongly bound to Rh than the COD ligands in 1, replacement of the second NBD by alkenol could give a larger ΔS° than for the corresponding reaction with 1. This hypothesis is supported by the crystal structures of 1 -3, and it explains the thermodynamic behavior of the complexation of Rh compounds and homoallylic alcohols.
Our study showing that ligand binding in similar complexes can switch between enthalpy and entropy driving forces has previous precedent. For bisphosphonate complexes of the FPPS enzyme, the binding of bisphosphonates with neutral side chains is enthalpy-driven whereas bisphosphonates with charged side chains bind in an entropy-driven manner. 22 The lanthanide complexes of neutral tripodal ligands also showed different driving forces where the formation of the complexes of tetradentate versus heptadentate ligands was enthalpy and entropy-driven, respectively. 23
SUMMARY
In summary, thermodynamic studies of homoallylic alcohol complexation with Rh complexes (1-3) was carried out using 1 H NMR and ITC experiments. Upon binding significant chemical shift changes of the homoallylic alcohol hydrogens were observed in NMR spectroscopy. ITC experiments revealed that the binding of homoallylic alcohols with [Rh(COD) 2 ]OTf (1) is mainly driven by enthalpy while binding to [Rh(COD) (CH 3 CN) 2 ]BF 4 (3) is governed by entropy. However the binding of alkenols to [Rh(NBD) 2 ]OTf (2) was accompanied by both favorable enthapy and entropy changes. These thermodynamic data are consistent with the crystal structures of Rh complexes (1-3). This investigation furthers our basic understanding of the thermodynamics for complexation in organometallic complexes.
EXPERIMENTAL SECTION General Considerations
The chemicals used were obtained from Aldrich and were used without further purification, except where noted. 1 H NMR spectra were recorded on a Varian Mercury spectrometer at 300MHz or 400 MHz. The titration apparatus for the ITC experiments was purchased from Microcal Inc. The VP-ITC instrument is interfaced with Origin (version 5) software for both data collection and data analysis. Chloroform was purified using basic alumina column chromatography to remove all the residual HCl.
NMR titration
Each titration was performed by 7 measurements in CDCl 3 at room temperature. Aliquots from a stock solution of the Rh complex (250 mM) were gradually added to the initial solution of analyte, homoallylic alcohol (5 mM). All proton signals were referred to a TMS standard. The association constants K were calculated by EQNMR. 16 
Job plot
Job plots were performed from 1 H NMR measurements of Rh compound and homoallylic alcohol with different concentration ratios in solvent CDCl 3 . The total concentrations of Rh compound and alkenol solution were maintained as 5 mM. 
ITC experiments
The reference cell was filled with chloroform and the titration cell was filled with chloroform solution of homoallylic alcohol (1 mM The Origin software was used to apply a 1:1 binding algorithm to the data, the fit of which yields a binding affinity, enthalpy change, and binding stoichiometry for the titration.
X-ray experimental
Crystals of 3 suitable for X-ray diffraction structural studies were obtained by the slow evaporation of a saturated MeOH/CH 3 CN/CH 3 CO 2 C 2 H 5 solution of [Rh(COD) (CH 3 CN) 2 ]BF 4 . Single-crystal X-ray diffraction data for [Rh(COD)(CH 3 CN) 2 ]BF 4 (3) were collected on a Bruker APEX II diffractometer equipped with Helios multilayer x-ray optics. X-rays were provided by a Bruker MicroStar microfocus Cu rotating anode (λ = 1.54178 Å) generator operating at 45 kV and 60 mA. The structure was solved by direct methods and refined on F 2 using the SHELXTL software package. Absorption corrections were applied using SADABS, part of the SHELXTL package. Crystal data and refinement parameters are summarized in Table 2 . A detailed description of the structure determination and refinement is given in the Supporting Information.
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